I. INTRODUCTION
The availability of numerous mm-wave frequency bands for wireless communication has motivated the exploration of multi-band and multi-mode integrated components and systems [1-2], [7] . A multi-mode frequency synthesizer can generate La signals at multiple frequencies, e.g. 35, 60 and 77 GHz (Fig. 1 ) , resulting in power and area savings, and leading to flexible systems. This paper presents a dual-mode injection-locked frequency divider (DM-ILFD) achieving locking ranges of greater than 18%. The circuit meets the requirements for a multi-mode synthesizer for 35 and 60 GHz applications.
Although the single-mode divide-by-2 [5] - [6] and divide-by-3 [3] - [4] ILFD topologies provide wide locking ranges, they are not able to operate as dual-mode dividers, due to the inability either to preserve the required harmonics, or to generate enough harmonic strength for the second mode. On the other hand, the dual-mode ILFD reported in [7] lacks locking range if used e.g. in a 60 GHz synthesizer; further drawbacks are the need of two separate injection ports and possible leakage of its output signal to the injection port through the balun in the divide by-3 mode. This paper presents an alternative dual-mode ILFD solving the abovementioned drawbacks of [7] . 
II. CIRCUIT DESIGN
The proposed ILFD shown in Fig.2 achieves dual-mode operation by preserving both even and odd harmonics, and features an increased locking range by improving both injection efficiency and varactor tunability. The former is achieved by direct differential injection via M3-M4, at the same time enhancing noise immunity as well as symmetric loading for a differential VCO. De-tuning of the Miller capacitances, introduced for the first time in an ILFD, improves the input-output transfer of the injection signal and cancels out the fixed tank capacitance, thus widening the locking range. This is achieved by a transformer feedback, which further accomplishes input matching without need for extra components. In addition, the over drive voltage of the injection transistors M3-M4 is increased resulting in an enhancement of their effective transconductance. AC and transient simulations were used to determine the optimum transformer and injection transistor parameters for achieving a wide locking range with minimum input power.
The center-tap inductor of the LC-tank is a 9�m wide single-tum top-metal coil having an inductance of 192 pH and a Q-factor of �28 around 20 GHz. The varactors provide a capacitance tuning of 150-39 tF and a Q-factor IMS 2010 Dual-mode lLFD circuit schematic and output buffer of 8-20, for a tuning voltage of 0-1.2 V. Operating at 0.8V, the circuit is also suitable for future CMOS processes. The RF-input is AC coupled on-chip and the output employs a 50n matched differential common source buffer (M5-M6) for measurement purposes.
The basic purpose of the transformer, as mentioned, is to transfer the injection signal without loss to the drain and source of M3-M4 for signal-mixing. As the required inductance is below 100pH, a small structure with high self-resonance frequency could be chosen. In order to achieve high coupling and Q-factor, the top two metal layers (Me6, Me5) are used and placed exactly on top of other ( Fig.3) . Mel is placed below the transformer to improve substrate isolation and reduce capacitive coupling to the substrate. 
III. LAYOUT AND TECHNOLOGY

Chip micrograph of DM-ILFD
IV. MEASUREMENT RESULTS
The measured inductances of the primary and secondary coils of the transformer are 70 and 88pH at 60 GHz, and 62 and 80pH at 35 GHz (Fig. 3) . At 60 GHz, the measured values differ by 3 and 14pH compared to the corresponding EM-simulated (in Momentum and Sonnet V12) values. The measured coupling factor at the two frequencies is 0.69 and 0.67, respectively.
The input sensitivity curves of the DM-ILFD are shown in Fig. 5 . The free-running frequency of the DM-ILFD lies between 16.8 and 19.2 GHz for a tuning voltage ( V I" "C in Fig. 2 ) of 0-1.2V while consuming 4mW from a 0.8V supply. A shift in center frequency due to an estimated -50fF interconnect capacitance is observed. In divide-by-2 mode, with an input power less than -2 dBm, the locking range for each V tu "C is about 3 GHz (8.27%) and total operating range is 33-39. 
Measured input sensitivity of DM-ILFD in divide-by-2
and divide-by-3 mode mode, the required input power is less than + 1 dBm whereas the locking range for each Vl U nc is about 4 GHz (7.4%), and the total operating range is 48.5-59.5 GHz (20.4%). Fig. 8 shows an example of the locking operation. A maximum variation of +3 dB and +l.15 dB is observed in the de-embedded output power and phase noise over the complete operating range as shown in within + 0.2dB to the theoretical 6 and 9.5 dB difference (due to frequency division) from the generator phase noise.
V. ILFD FIGURE-OF-MERIT
For proper comparison to state-of-the-art ILFDs, two new figure-of-merits (FOMs) are introduced here. Varactor tuning is widely adopted to increase the operating range of ILFDs [3] [4] [7] . It is noticed, however, that two different definitions are used for locking ranges obtained with [3] or without [5] varactor tuning. Therefore, an appropriate comparison demands a FOM incorporating the number of required varactor tunings to cover the complete operating range. Furthermore, input injection power and DC power consumption are important benchmarks that should be reflected in the FOMs. To this end, the total locking range is divided (Fig. 7) into p parts f], f2, ... , fp, related to tuning voltages Vtune-], Vnme-2 , ... , Vtune-p and minimum input powers Pmin-], Pmin-2 , ... , Pmin-p. A veraging both locking range and minimum input power leads to favg= (f]+ f2+ ... + fp)/p and Pmin-avg= (Pmin-]+ Pmin-2 + ... + Pmin-p)/p. The total locking range (flock) thus equals n x favg. FOMpin, also shown in Fig. 7 , reflects the injection efficiency by assessing the average injection power Pmin-avg (in watts) required for an average relative tuning range (favglfeenter)' and FOMPde reflects the tuning efficiency by assessing the DC power consumption needed for the same average relative tuning range. Both FOMs comprise n and clearly, a lower value of n is preferred. It should be noted that without varactor tuning n equals 1. A higher FOM value indicates a better ILFD. 
Figure-of-merit principle and definitions
A comparison with reported designs using the proposed FOMs and underlying parameters is shown in TABLE I. The FOMP in of the presented DM-ILFD, in divide-by-2 and 3 mode, is 28 and 34.5 dB better than the dual-mode ILFD in [7] (lSSCC 2009), reflecting a considerable improvement in injection efficiency whereas the FOMPde is comparable. Compared to the single-mode dividers, the 20.4% operating range of the DM-ILFD in divide-by-3 mode is better than [3] - [4] , resulting in a better or comparable FOMpin• The FOMpdc, on the other hand, is lower than single-mode ILFDs in [5] - [6] . Finally, the operating range of II and 6.5 GHz at 60 and 35 GHz can easily cover the respective mm-wave bands of a multi mode synthesizer. Measured locking operation in the two division modes
VI. CONCLUSIONS
We have presented a dual-mode mm-wave ILFD operating at 39.5 and 59.5 GHz. A wide locking range of 18% and 20% in divide-by-2 and 3 modes is achieved by using differential direct injection and miller capacitance de-tuning. Operating from a low supply voltage of 0.8 V, the design is suitable for future CMOS design nodes. The proposed FOMs incorporating the effect of varactor tuning along with input sensitivity and power consumption provide a comprehensive benchmark to compare ILFDs. 
